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ABSTRACT
The abundance of ions is an essential parameter for ion mobility and mass spectrometry instrument design and for the control or opti-
mization of chemical reactions with reactant ions. This information also advances the study of atmospheric pressure ion kinetics under
continuous ionization, which has a role in developing trace level chemical analyzers. In this study, an ionization chamber is described to
measure the abundance of ions produced by a 4.9 keV, model L12535, soft x-ray source from Hamamatsu Corporation. Ions of positive and
negative polarity were measured independently in an 8 × 30 mm2 cross section at distances of 12–136 mm at ambient air from an uncolli-
mated beam. Ions were collected using electric fields and 16 sets of plates. The ion current decreased exponentially with distance from the
source, and the calculated ion concentration varied between 1.0 × 108 and 3.8 × 105ions cm−3 on plates. A 2D-COMSOL model including
losses by recombination and diffusion was favorably matched to changes in ion current intensity in the ionization chamber. Although the
ionization chamber was built to characterize a commercial ion source, the design may be considered generally applicable to other x-ray
sources.
© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0050669
I. INTRODUCTION
The ionization of gases with the formation of ions of positive
and negative polarity has been a subject of study since the discovery
of x rays. Thomson1 in 1896 studied the so called Röntgenized gas
and showed that x rays exhibited a capability to make air conductive
between two plates and that the current measured from a charged
plate would increase to saturation when the potential between the
plates was increased. Rutherford2 in 1897 studied the conductiv-
ity of gases exposed to x rays and demonstrated the nature of the
recombination of ions and with an exponential decrease in decay of
ions. The ion intensity generated by x rays between 20 and 100 kV
was used to determine the x-ray dose rate by Ritz3 in 1959. More
recently, Inaba et al.4 used soft x rays to neutralize static electricity
and studied neutralization as a function of distance from a 9.5 kV
x-ray source. The amount of charge available from a 9.4 keV soft
x-ray source was described by Han et al.5 for unipolar charged nano-
sized aerosol particles. The rate of ion production was greater than
2.9 × 109 ions cm−3 s−1 for both positive and negative ions, and ion
densities ranged from 2.5 × 107 to 3.4 × 107ions cm−3 as a function
of electric field used to collect ions.
Soft x-ray ion sources have been included recently in chemi-
cal instrumentation where measurements are based on gaseous ions
and reactions through atmospheric pressure chemical ionization
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(APCI). Döring6 filed a patent of the non-radioactive ion source
for an ion mobility spectrometer (IMS) in 1999. Pershenkov et al.7
installed a 4 keV x-ray tube as the ionization source for a drift time
ion mobility spectrometer (DT-IMS) and determined the change in
reactant ion current as a function of distance from the x-ray win-
dow where the reactant ion current increased with distance from the
x-ray source. Reinecke et al.8 replaced a tritium-based ion source
with a commercial x-ray source also with an ion mobility spectrom-
eter and evaluated the signal intensity as a function of activity of
the x-ray source. Soft x rays between 2.25 and 5 keV were demon-
strated with an alternate ion mobility design, the differential ion
mobility spectrometer, by Kuklya et al.,9 and ion production was
found identical to the widely distributed ion source for IMS, a beta
emitter 63Ni. Other applications with x-ray sources were given by
Bunert et al.,10 who used a 4.9 keV x-ray source with an orthogonal
installation to avoid secondary consequences of x-ray penetration
into the inner volume of the drift tube, and Ahrens et al.,11 who
used 3 keV x rays as an alternative for tritium in a miniature IMS
drift tube. A design with two 4.9 keV x-ray sources in a tandem
arrangement permitted fast switching between multiple reagents in
atmospheric pressure chemical ionization mass spectrometry by Ris-
sanen et al.12 Riebe et al.13 used 2.8 keV soft x rays as the APCI
ionization source for research of photoionization of explosives and
dopants. A miniature x-ray source was used instead of the standard
APCI source of the ion trap MS also by Erler et al.14 to measure mold
fungi.
Despite the significant use of soft x rays in analytical instrumen-
tation, quantitatively little is available in the open literature concern-
ing ion density in air as a function of distance from the source from
a soft x-ray source and in a volume where ions are confined in an
electric field.
In this report, an ionization chamber is described to allow ion
density to be measured in a volume with a confining electric field
designed around the cross section of a commercial x-ray source. Ion
density in the ionization chamber in an ambient pressure is shown
from 12 to 136 mm with a commercial off the shelf (COTS) x-ray
source, Hamamatsu L12535. Main advantages of this source are the
regulation free 4.9 keV acceleration voltage, small form factor, 24
V input, and low 4 W power requirement. Finally, the design of the
ionization chamber was supported by the simulation of electric fields
and ion motion in the ionization chamber; in addition, the results




An ionization chamber built to collect quantitative informa-
tion of x-ray ionization efficiency (ionization chamber) is shown
in Fig. 1. The Hamamatsu L12535 4.9 keV uncollimated ionization
source with 120○ beam angle [labeled (A)] is located in a 3D printed
polylactic acid (PLA) box at left in Fig. 1. Two printed circuit boards
(PCBs) with two layers (top and bottom) and green solder mask
coverage are joined with six bolts and support rails (polylactic acid)
separated by 8 mm. The support rails can be seen in a side view of the
ionization chamber as shown in the Appendix in Fig. 8. The mechan-
ical connection between x-ray support, rails, and PCBs is made
using hot glue on the outer surface of the PCB and x-ray support.
FIG. 1. Ionization chamber constructed from two stacked printed circuit boards
(PCBs) to measure the ion yield as a function of distance. A: x-ray source located
in 3D printed housing, B: connectors for plates on the top PCB, C: grounding termi-
nal, D: two stage transimpedance amplifiers wired to plates on the bottom PCB, E:
terminals connected to amplifiers, F: linear voltage regulators for the amplifiers, G:
gas inlet and outlet, not used in this experiment, H: visualization of COMSOL sim-
ulated ion concentrations between PCBs, and I: top PCB of the ionization chamber
from the plate side. Red arrow indicates the direction of the x rays. Plates are of
8 × 30 mm2 cross section and separated by 0.25 mm.
The facing surfaces of the PCBs contain 16 metal plates of 8 × 30
mm2 cross section separated by 0.25 mm (I).
The x-ray window of the Hamamatsu source is placed toward
the ionization chamber. The direction of the radiation is shown with
a red arrow in the inset of Fig. 1. The distance of the x-ray window is
7 mm from the PCB edge and 12 mm to the middle of the first plate,
and the total length of the chamber is 140 mm, while the distance of
the last plate is 136 mm.
Plates on the top layer of PCB plates are connected to the
screw terminals denoted with letter B and the plates on the bottom
layer plates are connected to a two stage transimpedance amplifier
chain (D) realized with surface mounted components. The ampli-
fier schematics are given in the Appendix in Fig. 6. The outputs of
the second stage of the amplifiers are connected to the screw ter-
minals in the top (E). The first stage of the amplifier has a gain of
−109 V A−1, while the second stage has a gain of −10 V V−1 result-
ing to the total gain of 1010 V A−1. The amplifiers are powered with
±5 V linear regulators (F). The outer surfaces of the PCBs not used
for electrical connections are covered with the metal and connected
to the ground potential to form a shield against the external electric
fields. The ground potentials of top and bottom PCBs are connected
together with the wire (C–F) shown in the right of the photo. The
wire (C–B) in the near bottom connects the x-ray housing to the
ground potential. Two round gray programmable logic array parts
(G) are gas connectors and were not used in this work. An embed-
ded bar (H) overlaid on the top of the top PCB is an illustration of the
simulated ion concentration between facing top and bottom plates
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TABLE I. Parameters for the ionization chamber.
Plate width 30 mm
Plate length 8 mm
Plate spacing 0.25 mm
Plate thickness on the substrate 35 μm
Number of plates 16
Air gap between plates 8 mm
X-ray distance to the middle of the first plate 12 mm
Maximum length of the radiating path 140 mm
X-ray source 4.9 keV, L12535
by Hamamatsu
X-ray photon energy 2–4.9 keV
Amplifier DC gain 1010 V A−1
Amplifier output swing ±5 V
PCB thickness 1 mm
under the simulated ionization and applied electric field demonstrat-
ing the principle of the operation. Ionization chamber parameters
are presented in Table I.
B. Simulation model
The two dimensional, cross-sectional simulation model was
built with COMSOL Multiphysics 5.5, Comsol Inc., Burling-
ton, USA. The dimensions of the model are given in Table II.
The model incorporates COMSOL’s Laminar Flow (spf), Elec-
trostatics (es), Transport of Diluted Species (tds), and Chem-
istry (chem) physics. Laminar flow and electrostatics were solved
as stationary. Transport of Diluted Species and Chemistry were
solved time dependent using Laminar Flow and Electrostatics solu-
tions as independent variables for Transported of Diluted Species
and Chemistry. Time dependent solutions were solved for 5 s
in order to ensure steady state solution. All simulations were
solved assuming a temperature of 293 K and 101.3 kPa standard
pressure.
The geometry for the simulation has the dimensions of the
cross section of the ionization chamber, and it uses air as the material
between the top and bottom layers. The PCB material was FR4 in the
simulation. The plates are modeled as planar boundaries directly on
the surfaces to avoid unnecessary meshing and extra computational
load. The top plane top boundary and the top plates are connected
to potential Ub to avoid numerical issues in the es simulation. The
outmost boundary of the bottom plane with the bottom plates is con-
nected to the ground potential. The mesh used in the simulation was
generated based on the used physics, and no manual optimization
was done.
TABLE II. Parameters for models using COMSOL.
Plate width 30 mm
Plate length 8 mm
Plate spacing 0.25 mm
Air gap between plates 8 mm
Recombination coefficient of RP and RN 1 × 10−6 cm3 s−1
Mobility of RP and RN 2.1 cm2 V−1 s−1
Signal intensity modification gain a 0.0585
For the Transport of Diluted Species simulation, both positive
and negative ions were introduced. The transportation of the ions
was simulated with electric mobility and a fluid flow. The electric
mobility of ions was introduced via diffusion. The diffusion con-






where k0 is the ion’s mobility, here assumed as 2.1 cm2 V−1 s−1,
T is temperature K, kB is the Boltzmann constant (1.38
× 10−23 kg m2 K−1 s−2), and q0 is the elementary charge (1.602
× 10−19C). The positive ions were introduced with the charge
parameter Z = 1 and negative ions with parameter Z = −1. The
charge density was considered so low so the impact to the electric
field or interactions based on electrostatic forces between positive
and negative ions could be neglected.
The concentration of the ions was solved with Transport of
Dilutes Species combined with Chemistry physics. Ions were intro-
duced into the air gap with constant rate using the reaction node in
Transport of Diluted Species physics, simulating the constant ioniza-
tion caused by the x-ray source. The production rate was estimated
with a function that models the geometry and the decay of x rays in
air. The model parameters were obtained from the measured data,
and it is assumed that the ion current equals to the production
of ions in the volume over the plates. The formula used to fit the







The left-hand side of Eq. (2) describes the amount of ions cre-
ated in the volume of air over the plates, and the right side is a
model used in COMSOL. The term h/(h − 1.732x) in the COMSOL
part approximates the intensity loss of the uncollimated beam that
exits the x-ray source in 120○ and enters to square shaped chamber.
The term e−βx describes the loss of beam intensity due the absorp-
tion in the air. The parameters are as follows: i(x) is the measured
ion current (A), q0 is the elementary charge (C), NA is the Avo-
gadro number (6.022 × 1023 mol−1), VCH is the volume over the plate
(1.92 cm3), a is the fitting multiplier for the intensity, I0 is the inten-
sity obtained from the measured data (mol s−1 m−3), h is the height
of the ionization chamber (8 mm), β is the decay parameter (m−1),
and x is the distance from the source. The parameter a is used to
scale real life 3D data to 2D simulation. It should be noted that the
parameter a was found iteratively and was initially selected as 1 in
simulation.
Positive and negative ions are named in the COMSOL sim-
ulation model as R+ and R− and were introduced into the simu-
lation domain equally. The diffusion was included into the model
via electric mobility with Eq. (1). The recombination of R+ and R−
was introduced as a reaction [Eq. (3)] resulting to virtual species
R with no charge and interaction to other components and thus
no transfer properties. The recombination reaction rate used was
1 × 10−6 cm3 s−1 (see the work of Siegel15). The time dependent
solver was used, and all solutions were solved between 0 and 5 s. The
ions in the simulation model were transported to the plates by an
electric field. The current on the plate was calculated as an integral
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of the ion flux via the plate multiplied by the elementary charge,
R+ + R− → 2R. (3)
C. Measurement setup
A cardboard box covered with aluminum tape and foil was
used to shield the ionization chamber against 50 Hz interference and
other external electrical noise during the measurements. The box
was grounded to the DC power supply ground terminal that was
connected to the measurement ground too. Amplifiers were pow-
ered from two serially connected 9 V batteries via +5 and −5 V linear
regulators embedded on the bottom board. The battery stack mid-
point potential was connected to the DC ground. The x-ray source
was powered from the L12535 controller model C12537 from Hama-
matsu. The electric potential Ub was generated by the DC power sup-
ply EA-PS 2342-06B from Electro Automatic GmBH, Germany, and
was connected to the screw terminals of the top PCB. The current
signal was recorded one by one from the bottom PCB screw termi-
nal with PicoScope 6-PC, v. 6.14.13.5207 software using PicoSope
2206B from Pico Technology Ltd. UK, using 1× probe, 20 s sample
interval for 1 s and stored data to the file in the ASCII (American
Standard Code for Information Interchange, character encoding)
format resulting to 5000 samples each. The x-ray source was turned
off when the scope probe was moved between the screw terminals
and turned on again before next measurement. A healthy check for
all amplifiers was performed before the sequence for the x-ray exper-
iment was run. The offset and the noise level of each amplifier were
recorded showing < 6 and < 1 mV standard deviation noise, respec-
tively, for all 16 amplifiers. Positive ion data were recorded with an
Ub of 0, 2, 5, 10, 15, 25, 30, 35, and 40 V, 0 V for housekeeping pur-
poses only. Measurements were repeated five times for each setting
during the four day period. Negative ion data were measured once
for Ub −2, −5, −10, and −40 V after the last repetition of the positive
ion collection sequence.
The gain of the two stage amplifier was 1010 V A−1, and the
maximum output swing of the amplifiers was ±5 V, correspond-
ing to ±500pA as that measured current that limits the detectable
current. However, the gain of the first amplifier in the chain was
109 V A−1, which allowed detecting the larger current input although
the ionization chamber was not designed for this. The current signal
from the first four plates was measured once directly from the out-
put of the first amplifier with Ub 5, 10, 35, and 40 V. It should be
noted that due to the electric field direction between plates, the posi-
tive ions were collected when Ub was positive and negative ones were
collected when Ub was negative.
All measurements were done in room temperature of about
296 K (23 ○C) with ambient air in the air gap. The humidity was
uncontrolled, but relative humidity was measured to be 39% dur-
ing the first measurement day. The pressure was not controlled,
and the ambient pressure varied between 991 and 1008 mbar dur-
ing the four day measurement period. Humidity and pressure were
recorded with an uncalibrated barometer for reference only.
D. Data processing
The data were loaded to RStudio, V 1.2.5033 from RStudio Inc
(R). The data from each channel and Ub were loaded, converted
to amperes using the gain of the amplifiers, and averaged, and the
average of the corresponding offset signal (Ub = 0) was subtracted.
No other filtering for the data was performed. The current signals





where c(x) is the density (cm−3), i(x) is the measured current (A),
q0 is the elementary charge (C), k0 is the assumed average mobility
of ions (cm2 V−1 s−1), Ub is the voltage (V) set between measure-
ment plates, h is the height of the measurement chamber (8 mm),
W is the width of the plate (30 mm), and L is the length of the plate
(8 mm). The measured current signal was fitted to the mathematical
model using equation Eq. (5) using function nls in software R. The





The measured current signal was fitted to the COMSOL model
given in Eq. (2) using the function nls in software R separately for
each tested electric field, and the obtained I0 and β parameters were
applied via the interpolation function in COMSOL simulation. Data
were plotted using R’s built in plot function and some R scripting.
III. RESULTS AND DISCUSSION
The current from the ions produced by the Hamamatsu x-ray
source, in air at ambient pressure, is shown in Fig. 2 for each of the
16 plates in the ionization chamber (Fig. 1, inset). The amplifier gain
for each plate was 1010 V A−1 (solid lines) from 45 to 136 mm and
109 V A−1 (dotted lines) for first four plates placed from 12 to 37 mm.
FIG. 2. Positive ions measured with a gain of 109 V A−1 from plates placed in the
distances between 12 and 37 mm combined with the result measured with a gain
of 1010 V A−1 in distances between 45 and 136 mm. The maximum current at a
distance of 12 mm was 2.59 nA when the electric field was 50 V cm−1.
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The distances from the x-ray source were measured at the center
of each plate, and a uniform electric field (E) between plates could
be established from 2 to 50 V cm−1 since plates on the top plane
of the chamber could be floated to certain positive or negative DC
potentials (Ub) and plates connected to amplifiers were connected
to virtual ground. The plots in Fig. 2 are shown for positive ions,
collected at top plates with a positive bias, and negative ions (not
shown) were collected at top plates with a negative bias. While plots
were obtained at 20 steps of field strength, only four are shown in
this figure to illustrate the dependence of the intensity of current
on E. Figure 3 is the same, but for both positive and negative ions
with an amplifier gain of 1010 V A−1 for each plate. Semilog plots in
Figs. 2 and 3, show that the current intensity increases proportional
to E. In Fig. 3, a plateau in response is reached when approaching 50
V cm−1 when the distance is less than 37 mm and the field strength
is increased. This is because of the amplifier saturation when the
gain was 1010 V A−1. Identical findings were obtained for negative
ions.
The plots in Fig. 2 exhibited a proportional decrease in cur-
rent as a function of the distance, and this is associated with the
formation of gas ions throughout the length of the ionization cham-
ber, that is, the extent of penetration of soft x rays into air at
ambient pressure. The findings are also consistent with the exist-
ing understandings on the exponential decay of ionization efficiency
with distance from x-ray sources. The near equal response between
plates at distances of 128 and 136 mm are attributed to fringe fields
and distortions in E at the end of the ionization chamber. A sys-
tematic deviation seen in all curves in plots of Figs. 2 and 3 (as
log-linear format) was associated with commercial tolerances for
manufacture of individual amplifiers and associated components
(see Appendix, Fig. 6).
Comparisons can be made in Fig. 3 as semi-log plots of cur-
rent on plates for negative ions (dotted lines) and positive ions
FIG. 3. Current from positive and negative ions with selected field settings. Both
polarities are measured with an amplifier gain of 1010 V A−1, which limits the
maximum measurable current to 500 pA.
(solid lines) for selected values of E including ±2, ±6, ±12, and
±50 V cm−1 with an amplifier gain of 1010 V A−1. The alignment
of plots for positive and negative ions demonstrates that ion cur-
rents from each polarity are identical within experimental error,
and this is consistent with charge balance for ion pairs formed by
x-ray ionization. Although ion identities were not determined in this
study, hydrated protons H+(H2O)n and oxygen anions O−2 (H2O)n
are known to form at ambient pressure in a purified air atmo-
sphere (see the work of Borsdorf and Eiceman16). Since the compo-
sition of air in these studies were not rigorously purified, the ions
in these measurements (with FR4 PCB planes) are likely adduct
derivatives such as MH+(H2O)x and MO−2 (H2O)y, where M can
be a selection of volatile organic compounds found as complex
mixtures as airborne vapors in indoor atmospheres or constituents
of circuit boards released into the headspace of the ionization
chamber.
A detailed measure of the efficiency of ion collection with the
strength of the electric field between plates is shown in Fig. 4 as plots
of current (with 3 standard deviation error bars) vs distance. The
current reaches a plateau in response at each distance as the elec-
tric field increases. At this condition, ion production has reached a
steady state with loss mechanisms including diffusion, recombina-
tion, and collection efficiency. At the closest distance from the x-ray
source, the ion production is high and a high field is necessary for
reaching the plateau, and where the ion yield is low, the plateau is
reached with smaller field strength. At the low field values, diffu-
sion and recombination dominate as the transportation of ions to
the plates is slow with significant time for such losses. When the
field strength is increased, residence times of ions in transit to plates
will decrease. Consequently, diffusion and recombination losses will
FIG. 4. Positive ion current presented as a function of electric field for various
distances. 3 standard deviation error bars are shown over the measured values.
Current saturates when the field is increased because the number of ions created
by x rays meets the loss mechanisms including ion removal by the electric field,
recombination, and diffusion loss. Due to the exponential loss of ionization capac-
ity, the ion current is small compared to closer plates when the distance exceeds
86 mm.
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decrease too and current values may be considered the maximum
availability of ions produced by the soft x-ray ion source available
for later uses in chemical measurements using atmospheric pressure
chemical ionization reactions.
The magnitude of current on a plate corresponds to the rate of
ion collection through electric field mobility,
vd = k0E, (6)
where vd is the velocity of drift of ions as swarms (cm s−1),
k0 is the mobility coefficient (cm2 V−1 s−1), and E is the elec-
tric field (V cm−1). The efficiency of ion capture should increase
with E as diffusion losses and recombination are reduced with
decreased residence time of ions in the gap. The value for k0
is estimated here as 2.1 cm2 V−1 s−1, and the values for vd are
calculated [Eq. (6)] as 4.2–105 cm s−1. Since the ions are gen-
erated continuously by the x-ray source, the current measured
arises from the ion flux between the plates. Thus, the maximum
residence time of ions between plates occurs for ions generated
near the surface of the opposing plate. These ions must move
through the entire gap between plates. These assumptions per-
mit ion residence times could be estimated as 190 ms at 2 V cm−1
to 7.6 ms at 50 V cm−1.
Values for the density of ions derived from the current inten-
sity [see Eq. (4)] are given in Table III. The highest density of
1.00 × 108 cm−3 was found at 12 mm with 6 V cm−1 electric field, but
it should be noted that the obtained value depends on the selected
k0. As explained before, the ions are a mixture of unknown result
ions and thus a mixture of various values of k0. The value of k0
can vary between 0.5 and 3 cm2 V s−1, and therefore, the uncertainty
is in order of four. The density of ions measured instantaneously
decreases with increased E and, though counterintuitive perhaps, is
a consequence of the rapid removal of ions with increased electric
field strength.
The match between experimental measurements and a math-
ematical model shown in Eq. (5) is given in Fig. 5 for plots of
TABLE III. Ion density cm−3 as a function of distance.
mm 6 (V cm−1) 12 (V cm−1) 44 (V cm−1) 50 (V cm−1)
12 1.00 × 108 9.05 × 107 6.07 × 107 6.23 × 107
20 6.65 × 107 5.80 × 107 3.47 × 107 3.36 × 107
28 4.71 × 107 4.06 × 107 2.10 × 107 1.92 × 107
37 3.39 × 107 2.83 × 107 1.27 × 107 1.15 × 107
45 2.60 × 107 2.12 × 107 8.72 × 106 7.75 × 106
53 2.20 × 107 1.72 × 107 6.43 × 106 5.68 × 106
62 1.52 × 107 1.13 × 107 3.93 × 106 3.46 × 106
70 1.13 × 107 7.80 × 106 2.61 × 106 2.30 × 106
78 9.78 × 106 6.42 × 106 2.08 × 106 1.83 × 106
86 7.67 × 106 4.81 × 106 1.53 × 106 1.35 × 106
94 6.41 × 106 3.83 × 106 1.20 × 106 1.06 × 106
103 5.10 × 106 2.97 × 106 9.17 × 105 8.08 × 105
111 4.01 × 106 2.27 × 106 6.98 × 105 6.15 × 105
119 3.31 × 106 1.85 × 106 5.66 × 105 4.95 × 105
128 2.57 × 106 1.41 × 106 4.31 × 105 3.76 × 105
136 2.42 × 106 1.38 × 106 4.31 × 105 3.81 × 105
FIG. 5. Data shown in Fig. 2 (solid lines) compared to predicted current (dotted
lines) by the fitted model for selected fields. The model overestimates the current
for short distances and high field. Parameters h and x are in meters and I0 is in pA.
The solid labels show the electric field, and the dotted labels show the estimated
parameter values. Note that I_0 and b in the label equals I0 and β correspondingly
in Eq. (5), which is also shown in the plot.
the measured current intensity (solid lines) and distance from the
x-ray source. The plots with dotted lines are shown for the values
estimated using the model and only in few samples for the elec-
tric field (6, 12, 44, 50 V cm−1), which are shown for clarity. When
terms are E = 50 V cm−1, I0 = 14 × 103pA, and β = 31 m−1, the esti-
mated data at the low field match the measured current, but in
the high field and close distance, the estimates are higher than the
measured values. The discretization of distance in measured data
is not optimal for fitting because the rate of change in the close
extent of the x-ray window is high, but plates are equally spaced
and wide compared to the rate of the change. Another reason may
be that the approximation used to describe the collimation effect
near the x-ray window is insufficient, leading to overshoot in the
fitting.
Models for simulation of ion production and detection were
made using COMSOL with electric field (E) values of 6, 12, 44, and
50 V cm−1. The measured data and simulated results are compared
in Table IV. When simulated with 6 V cm−1, the model predicts
smaller values than the measured data, while simulating with 44 or
50 V cm−1 results in higher values than measured. The best fit was
found with 12 V cm−1.
TABLE IV. Mean and rms error between the measured ion current and COMSOL
simulated ion current for selected electric field values for plates 2–16. The best fit
was for 12 V cm−1.
6 (V cm−1) 12 (V cm−1) 44 (V cm−1) 50 (V cm−1)
Mean error (%) 27.6 9.00 −11.4 −15.8
rms error (%) 28.2 13.6 20.5 24.0
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The deviations between the COMSOL simulation model results
and measured data can be described by the differences between the
ionization chamber and certain parameters chosen to simplify sim-
ulations. For example, the x-ray window and the surrounding metal
case in the ionization chamber are grounded in practice though not
in the simulation entrance. In addition, the first 7 mm in the ioniza-
tion chamber is an ungrounded surface, so the stray field can force
ions toward the x-ray source. In the simulation model, ions gen-
erated between 0 and 7 mm sum up with ions generated over the
plate, and thus, the first simulated value overshoots. These arrange-
ments or choices for the simulation model were necessary to ensure
the numerical stability and simulation convergence. While such dif-
ferences are not likely to contribute significantly to discrepancies,
a detailed quantitative analysis of this is beyond the scope of this
present work. Finally, the decay model is an approximation, and
while some inaccuracies exist between the model and measured
data, the simulation model serves as a platform for future steps,
particularly when refined.
IV. CONCLUSION
An ionization chamber to measure atmospheric ion concentra-
tion distribution as a function of distance from the 4.9 keV uncolli-
mated x-ray source was built to find parameters for the theoretical
study of kinetics. Data were recorded at distances between 12 and
136 mm. Both positive and negative ions were measured. The ion
concentration distribution was found to follow exponential decay,
and it was equal for both positive and negative ions. The maximum
ion concentration was 1.0 × 108 cm−3 at 12 mm and dropped over
two decades to 3.8 × 105 cm−3 at 136 mm. A 2D model to simulate
the ionization chamber was created, and the simulation parameters
were obtained from the ionization chamber and measured data. The
simulation model needs further improvement, but already as is it can
be used for further experiment development.
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APPENDIX: ELECTRONICS, DATA, AND COMSOL
SIMULATION
1. Ionization chamber electronics
The ion current in the ionization chamber-apparatus was mea-
sured with a two stage amplifier realized with LMC6484 operational
amplifiers. The first stage has a DC gain of −1 × 109 V A−1, and
the second stage has a DC gain of −10 V V−1, so the overall DC
gain is 1 × 1010 V A−1. To minimize the inductive noise pickup,
the amplifiers were realized with surface mounted components.
The input of the amplifier is connected to the virtual ground
of the first operational amplifier, and an external electric field
is used to drive ions to the measurement plate. The schematic
and PCB design was done with KiCad, V 5.1.7-1. The schematic
of the amplifier is shown in Fig. 6. The bottom PCB layout is
shown in Fig. 7, and construction of the apparatus is shown
in Fig. 8.
2. Storing of experimental data
Experimental data were stored in the ASCII text files and are
available on request from the corresponding author in a packed for-
mat (GID-X-RAY-DATA.ZIP). The data are stored in several folders
with the following names:
● M1601, M1701a, M1701b, M1801a, M1901: positive ions,
measured between 0 and 40 V;
● M2301: negative ions, measured between 2 and 40 V; and
● M2801: positive ions, extended range, measured only for few
channels and voltages.
The files have the following systematic naming convention:
● GIX-Vxx (i).txt: positive ions, xx used collection voltage
in volts; i denotes the amplifier, i = 1 means CH1, 12 mm
from the source, and i = 16 means CH16, 136 mm from the
source;
● GIN-Vxx (i).txt: negative ions, xx used collection voltage
in volts; i denotes the amplifier, i = 1 means CH1, 12 mm
from the source, and i = 16 means CH16, 136 mm from the
source; and
● GIXN-Vxx (i).txt: positive ions measured from the output of
first amplifier, therefore negative sign.
It should be noted that the data in the files are expressed either in
volts or in millivolts depending on the setting used during the collec-
tion phase. The scope range settings were adjusted to proper range
during data collection. The range setting is present in the title lines
of the data files.
The data are available from the corresponding author on
request.
FIG. 6. Two stage transimpedance amplifier used to convert current to voltage in
the ionization chamber. The first stage has a gain of −109 V A−1, and the second
stage has a gain of −10 V V−1. R11, 100R resistor, is used to protect the second
amplifier output from short circuit.
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FIG. 7. Ionization chamber layout design of the bottom PCB printed from KiCad
3D-viewer. I: connected to amplifiers, D: amplifiers, E: terminals for measurement,
and F: linear voltage regulators for amplifiers.
3. COMSOL model
The COMSOL model (GID-X-RAY-model-Supplementary.
mph) is available as is from the corresponding author on request.
The model has been built with COMSOL 5.5. The model has the
following four studies:
FIG. 8. Mounted ionization chamber showing the separating rail between top and
bottom PCBs and the x-ray source holder. A: x-ray source located in 3D printed
housing, B: connectors for plates on the top PCB, C: grounding terminal, D: two
stage transimpedance amplifiers wired to plates on the bottom PCB, E: terminals
connected to amplifiers, F: linear voltage regulators for the amplifiers, and G: gas
inlet and outlet, not used in this experiment.
● Study 1: stationary study of flow and electric field.
● Study 2: time dependent study of transport of diluted species
and chemistry.
● Study 3: parametric study to variate potential to create an
electric field. This study combines study 1 and study 2.
● Study 4: non-parametric study that combines the station-
ary study for flow and electric field and the time dependent
study for transport of diluted species and chemistry.
Study 2 cannot be run until study 1 is run because values from
study 1 are used in the solution for study 2. Study 3 and study 4 can
be run as is. In this model, the flow is always zero, but it was built in
for future use.
Several parameters have been introduced in the Global Defini-
tions Parameters node. The parameters are used to define the geom-
etry but also to control some settings in the model. Some parameters
stored in the parameter table were used during model testing and
iteration but are not relevant for the simulation.
The ion production is modeled with a self-written function
constconc(x,h,Qfun(U0), betafun(U0)-gamma) [see Eq. (2)]. The
shape of this function is shown in Fig. 9, but actual values depend
on the parameter values provided by functions Qfun(U0) and beta-
fun(U0) (see Figs. 10 and 11).
Qfun(U0) is an interpolation of the fitting values, which were
calculated from measured data as a function of used electric field
generation voltage U0. The shape of the function is shown in Fig. 10.
Correspondingly, betafun(U0) is a parameter of the exponential
part of the fitting, also calculated from the measured data. Data are
presented in Fig. 11.
4. Additional simulation results
The electric field norm caused by U0 = 40 V at the top plates
simulated over 1 mm of the bottom plates is presented in Fig. 12.
The field is very smooth, but intentional vertical axis scaling is used
to demonstrate the effect of the difference between the field strength
over the plates and between them. Figure 13 shows the positive ion
FIG. 9. Prototype of the constconc function used in simulation. The function
response is shown with arbitrary parameters.
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FIG. 10. Interpolation curve of initial intensity I0 [see Eq. (2)] of the ionization.
Values are obtained from experimental data. Note that the prototype parameter t
in the figure is replaced with U0 in the simulation.
flux toward the plates when simulated up to 5 s. Simulation steps
are stored in 1 s intervals, steady state has been reached already dur-
ing the first two steps, and the subsequent steps cannot be seen
separated as they merge in the plot. The field focuses ions toward
plates and the flux between the plates is small compared to the peak
values.
Simulation included recombination. The recombination was
introduced as a simple reaction between positive and negative ions
resulting to virtual neutrals, which did not have transportation char-
acteristics or other interactions with positive or negative ions any-
more. This method was useful to check that the recombination is
truly simulated because the concentration of virtual neutrals was
expected to increase over the time. The result of this is seen in
FIG. 11. Interpolation curve of the exponential loss parameter β [see Eq. (2)] of
the ionization. Values are obtained from experimental data. Note that the prototype
parameter t in the figure is replaced with U0 in the simulation.
FIG. 12. Simulated electric field 1 mm over the ionization chamber at U0 = 40 V.
The variation of the field strength is only about 0.1%.
Fig. 14. The concentration of the virtual neutrals increases over time
although the flux shown in Fig. 13 reaches a steady state.
a. Few comments about the COMSOL model
The model and the measurements fit quantitatively best only
with limited conditions such as the field of 12 V cm−1, but the model
underestimates the ion current with low field values and overesti-
mates in high values (Fig. 15). One possible explanation for this is
the difference how electric fields are set up in the simulation caus-
ing mismatch between the data and simulation at the first channel.
Another big difference is that the model is 2D instead of 3D, which
brings even more uncertainty to the setup of stray fields and x-ray
entrance into the ionization chamber. Unfortunately, using the 3D
model is out of our computational resources.
FIG. 13. Positive ion flux toward the measurement plates in the ionization cham-
bers simulated up to 5 s shown with 1 s intervals. Ion current is an integral of the
ion flux multiplied by the elementary charge. Steady state has been reached in the
first two steps.
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FIG. 14. Virtual neutral ion concentration in the ionization chamber volume as a
result of the recombination process when simulated for 5 s shown with 1 s intervals.
Different colors represent concentration at stored intervals. Concentration of virtual
neutrals increases in every step.
The model is also based on the assumption that all ions are sim-
ilar with similar electrical mobility or recombination characteristics.
This is not true, and in the experimental setup, the quality of ions was
not controlled. It is expected, although not verified by any analyti-
cal instrument, that the measured current is the result of a complex
mixture of ions that behave slightly differently in low and high fields
FIG. 15. Experimental data [solid lines, Fig. 2] compared to simulation from COM-
SOL (dotted lines). The model underestimates the signal when simulating with low
field but overestimates the signal when simulated with high field. The simulated
current overshoots at the first plate. This is caused by the electric field setup in the
COMSOL model to ensure numerical stability. The error between the measured
and simulated data is shown in Table IV.
because the available reaction time differs in the air gap depending
on the used field.
The future steps will include model improvement and work
with flow and kinetics. Despite some weakness found in the existing
model, it is a fast way to evaluate ideas before investing massively to
experimental construction work.
DATA AVAILABILITY
The data that support the findings of this study are available
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